In addition to its well-known capabilities in imaging and spectroscopy, scanning probe microscopy ͑SPM͒ has recently shown great potentials for patterning of material structures in nanoscales. It has drawn the attention of not only the scientific community, but also the industry. This article examines various applications of SPM in modification, deposition, removal, and manipulation of materials for nanoscale fabrication. The SPM-based nanofabrication involves two basic technologies: scanning tunneling microscopy and atomic force microscopy. Major techniques related to these two technologies are evaluated with emphasis on their abilities, efficiencies, and reliabilities to make nanostructures. The principle and specific approach underlying each technique are presented; the differences and uniqueness among these techniques are subsequently discussed. Finally, concluding remarks are provided where the strength and weakness of the techniques studied are summarized and the scopes for technology improvement and future research are recommended.
I. INTRODUCTION
Nanofabrication aims at building structures with nanoscale features, which can be used as components, devices, or systems in large quantities and at potentially low costs. These nanostructures should allow their integration into complex hierarchical products. Generally, nanoscale features refer to any characteristic that is between 0.1 and 100 nm in size. Most current technologies used in industry for nanofabrication have evolved from conventional lithographic processes, which have been developed for the semiconductor industry for making microelectronic circuits and components. However, there are many challenges to conventional lithographic techniques as they are approaching their fundamental size limits. Fabrication strategies are therefore required to secure cost-effective and technically feasible options. Currently, scanning probe microscopy ͑SPM͒-based technology has become increasingly popular in the fabrication of nanoscale structures due to its low cost and great technical potential. In this article, an overview of the applications of the SPM technology for nanofabrication is presented with an emphasis on its ability to fabricate a wide variety of nanostructures.
After its inception in 1981, SPM has been used to gain knowledge of surface structure and molecular organization in the fields of physics, chemistry, and biology and has enjoyed widespread acceptance in many areas of science and technology. Concurrently, SPM has emerged as an essential tool in the fabrication of nanoscale structures, especially for directly inducing selective modifications on a surface with a precise localization of the defined pattern. Considering the advantages of ultrahigh resolution capability and other unique features, including inexpensive equipment and relatively easy operation, SPM-based nanofabrication technologies have proliferated with diverse approaches and with varying maturity, from concept to commercialization. For example, although SPM was originally designed for serial operations and was used for fabricating prototypes, several techniques have recently been developed with the capacity for parallel operations to increase its productivity. As a consequence, SPM lithography or SPML has provided an unparalleled opportunity for innovation and has emerged as a unique tool for nanofabrication.
In this article, the nanolithographic applications of two major technologies within the SPM family: scanning tunneling microscopy ͑STM͒ and atomic force microscopy ͑AFM͒, will be presented. The principles and approaches of each technology are introduced and evaluated separately. The nanostructures made by different techniques in these two technologies are specifically presented in order to illustrate the versatility and advancement of these SPM based techniques. The major variances as well as the associated strengths and weaknesses for the different techniques considered are examined. The potential applications for specific techniques and the uniqueness of the resulting nanostructures are also discussed. Finally, prospective developments and research focuses for SPM-based techniques are presented. This article will follow the taxonomy of fabrication; the techniques examined in STM or AFM will be clustered into three categories: material modification ͑including resist exposure͒, material addition ͑mainly induced deposition͒, and material removal ͑including etching͒. A few special techniques, including atomic manipulation and dip-pen nanolithography ͑DPN͒ are also presented separately. The energy sources used by these techniques include electrostatic, electrochemical, mechanical, thermal, and others, which constitute a wide variety of the fabrication approaches and enable the SPM to be a versatile manufacturing tool in a nanoscale world.
II. SCANNING TUNNELING MICROSCOPE LITHOGRAPHY "STML…
The first SPM was the STM invented in 1981 by Binnig et al. 1 As shown in Fig. 1͑a͒ , STM uses a sharpened conducting tip with a bias voltage applied between the tip and the target sample. When the tip is within the atomic range ͑ϳ1 nm͒ of the sample, electrons from the sample begin to tunnel through the gap to the tip or vice versa, depending on the sign of the bias voltage. The exponential dependence of the distance between the tip and target gives STM its remarkable sensitivity with subangstrom precision vertically and subnanometer resolution laterally. Two modes of operation, known as constant-height and constant current modes, are usually used in STM. In the constant-height mode, the tip travels in a horizontal plane above the sample. The induced tunneling current, which depends on topography and the local surface electronic properties, constitutes the STM image. In a constant current mode, the tip height is adjusted by feedback signals to keep the tunneling current constant during scanning, and the variation of the tip height represents the image. In STML, the constant current mode is adopted more often, since the tunneling current is normally used as a lithographic source.
Demonstrations of the SPM as an effective lithographic tool were achieved by Ringger et al. 2 and Staufer et al. 3 for producing nanoscale patterns of lines and cones, respectively, on an atomically flat surface of a metallic glass in vacuum. Around the same time period, Abraham et al. 4 employed a STM to perform indentations and local material deposition in the 10 nm range on a polished gold surface. The field of STML has become notable following the study by Dagata et al. 5 who used a STM to induce local oxidation on a hydrogen-passivated silicon substrate in air. Also, various multiple tips or arrays of tips have been developed and used for parallel processing to improve the STML throughput.
The extraordinary spatial and magnitude sensitivities of the tunneling current represent the basic advantages of using STML for nanofabrication. In fact, the tunneling current can be considered as a miniature electron ͑e͒ beam to achieve most direct writing functions, normally performed by electron beam lithography ͑EBL͒, even at diminishing scales. Direct writing on resists or substrates with or without chemical reactions results in material modification, deposition, removal, and manipulation, which consist of the major portion of STML for nanofabrication, and will be reviewed in this section. The STML has several advantages over the regular EBL. The tunneling currents of STM are about 3 orders of magnitude higher, which makes STML easier to expose the high resolution resists, since high resolution resists normally have less sensitivity. The applied voltages of STML are typically 4 orders of magnitude lower than that of EBL. The low voltage of STML produces less back scattering and minimizes the proximity effect, which normally dictates the resolution of EBL. 6 On the other hand, the low voltage may limit STM to be used to expose very thin resist films. But, the e-beam formed in STML has a much higher resolution. In fact, in STML, the tip is so close to the target surface that the e-beam does not have a chance to diverge, while in direct writing EBL, various stages of electromagnetic lenses are used to deflect and accelerate electrons to form a relatively large e-beam. Furthermore, in some techniques, STML can be operated in ambient air, while EBL is always conducted under high vacuum conditions.
A. Material modification: Resist exposure and oxidation
In resist exposure for nanoscale patterning, the typical current, voltage, and scanning rate of the e-beam induced by STM are controlled on the order of 1 nA, 10 V, and 1 m/s, respectively. Similar to EBL, the developed resist profiles are suitable for pattern transfer for the liftoff approach or the subsequent etching and deposition processes. Liftoff is especially popular for patterning materials, including Au, Cr, and Cu, for which the dry etching techniques are not readily available due to the lack of appropriate dry etching gases for these metals. It should also to be noted that the substrates are required to be conductive in STML as they are required in EBL. This can be a constraint in the making of an optical device, since most optical and biorelated materials are nonconducting. By applying a liftoff process, McCord and Pease 7 used the STM to pattern a 20 nm thick polymethylmethacrylate ͑PMMA͒ film that acts as a mask for the subsequent deposition or etching process. As shown in Fig. 2͑a͒ , a 22 nm wide and 12 nm thick gold-palladium ͑Au-Pd͒ line was deposited on a Si substrate. The positive PMMA resist was exposed to a 100 pA; −20 V ͑negative polarity at tip͒ beam at a writing speed of 1 m / s. In addition to PMMA, several other polymer resists have also been adopted by STM for patterning structures with a linewidth below 50 nm, including the Shipley Advanced Lithography 601 negative resist 8 and selfassembled monolayers ͑SAMs͒ of molecules. 9 The latter, after exposure and ligation of the catalyst, has also been used as a template for electroless plating, thus, producing a metallic etch mask for pattern transfer with a feature size of 15 nm. 10 Both polarities can be used in resist exposures. McCord and Pease 7 have tried a positive bias ͑the bias voltage with a positive polarity at the STM tip͒, so that the electrons can be field emitted from the sample up through the resist without scattering inelastically and can quickly gain enough energy to cause exposure. As shown in Fig. 2͑b͒ , a 2.5 k⍀ thin-film resistor device having less than 100 nm width at its narrowest region was fabricated using a patterned PMMA resist exposed by a positive polarity. The thin-film device was fabricated by the liftoff technique having a 13.5 nm thickness of Au-Pd. In addition to increasing the pattern resolution by avoiding the problems associated with backscattering and secondary electrons, the other advantage of reversing polarity is that the beam current instability caused by electron induced desorption ͑or ionization͒ of atoms and molecules can be reduced, especially at relatively high voltages.
STML in an ambient condition can be used for modifications of metallic and ceramic materials. As mentioned earlier, Dagata et al. 5 used STM to induce local oxidation on a hydrogen-passivated Si substrate in air, in which the fieldenhanced oxidation/diffusion occurs at the tip-target interface in the presence of oxygen and OH groups. Matsumoto et al. 11 used a STM in ambient air to oxidize lines completely through a thin ͑3 nm͒ Ti film deposited on insulating substrates. The Pt tip of the STM was used as a cathode and the surface of the Ti film was oxidized to form nanoscale oxide lines. By enhancing the applied bias from 4.1 to 5.8 V, the linewidth increases from 20 to 35 nm. They used these oxidized lines as tunnel barriers to isolate small Ti islands, which function as single electron transistors at room temperature. Day and Allee 12 made selective oxidation of Si 3 N 4 using an ambient STM with a Pt-Ir tip. The patterns in the nitride film have been transferred to the underlying Si with an ammonium fluoride etch. Xie et al. 13 applied a STM to induce oxidation in a Cr film and the induced Cr oxide acts as a mask for the subsequent CR-14 Cr etch. The STM was operated in ambient air with a 5 V bias at 2 nA tunneling current. The feature sizes of the oxide structures can be 60 nm wide and 4 nm thick.
B. Material deposition
STML has been implemented for direct material deposition in which the STM tip acts as a miniature emission source. When a voltage is applied, atoms or nanoparticles can be transferred from the tip to the target surface, which is within the tunneling range. Although both positive and negative voltages have been used for the deposition, the tipnegative polarity is usually more stable with higher transfer probability and can yield smaller feature sizes. There is a threshold voltage for the direct deposition. As indicated by Mamin et al. 14 and Houel et al., 15 the threshold voltage, normally a few volts, is mainly influenced by the material of the tip and the target, the distance of the tip/target gap, the tip/ target configuration, and the polarity. Mamin et al. 16 discovered that the gold dot previously deposited can be removed by a subsequent pulse on the same location. Thus, STM deposition can arguably be applied in a nanoscale write/erase device.
Houel et al. 15 used Pt STM tips with a radius of 50 nm to deposit dots and lines on n-type Si substrates. Dots were deposited by using sequential pulses with the tip maintained at a fixed position on the target while the lines were constructed by sequential dots, in which each dot is connected with the neighboring dots by being slightly overlapped. Figure 3͑a͒ shows the resulting 6 ϫ 9 Pt dot array, where the average values of dot height and width are 4 and 22 nm with respective standard deviations of 0.42 and 1.7 nm. Each dot was made by an application of 50 pulses using a negative 5.0 V bias, 500 pA set current, and 50 s duration. Because the associated standard deviations of the dot sizes are relatively high, at about 10% of the mean, this may imply that the deposition process is not consistent enough for making a reliable nanoscale device. Material deposition has also been observed at short pulses on the order of 10 ns, but a small change in the amount of material deposited is observed with pulse duration larger than 10 ms, which may imply the existence of a saturation mechanism. Houel et al. 15 that the dot diameter increases slightly with the set current and pulse duration for the range considered. Moreover, the number of pulses has been found to have no influence on the dot volume deposition as long as the dot has been successfully deposited in the first few pulses. Houel et al. 15 also reported several lines deposited under a negative 5.75 V pulse at different current set points ͑or different tip/sample distances͒ with 50 pulses in forming each overlapped dot. Figure 3͑b͒ depicts the four lines at different currents and pulse durations: lines 1 and 2 being 800 pA and 50 s, line 3 being 800 pA and 10 s, and line 4 being 500 pA and 50 s. In drawing these lines, the pitch of the sequential dots is about 1 nm less than the average diameter of the sequential dots, in which each dot has ϳ1 nm of overlap with the neighboring dots. Recently, Fujita et al. 17 used an Ag coated W tip to deposit sequential Ag dots on an n type Si͑111͒ substrate with the pitch equal to the dot size. As shown in the STM image of Fig. 4͑a͒ , a nanocharacter A was formed by STML direct deposition using a negative 4.5 V bias and 1 ms duration. The overlapped dots are about 20 nm in diameter and 2 nm in height. The size of the Ag dots can be controlled by adjusting the pulse voltage and duration. Also, it is important to achieve 100% deposition probability so that overlapped dots or continuous lines can be created. Following similar procedures, Fig. 4͑b͒ shows three Au nanolines using an Au coated tip. Normally, by appropriately setting the deposition parameters, the feature size of the deposited wires or dots can be as small as tens of nanometers. In fact, the minimum linewidth of less than 5 nm has been obtained. Furthermore, Fujita et al. 17 believed that the formation of the dots shown in Fig. 4͑a͒ can be attributed to the field-enhanced diffusion of silver atoms to the tip apex, but not by the process of tip evaporation enhanced by the high electric field between the tip/substrate gap, as explained by Mamin et al. 14 However, in general, the mechanism of tiptarget material transfer is still not fully understood. For example, it is not clear whether W tips can be effectively deposited onto Si or Au substrates, although Ag, Au, and Pt tips have been successfully used for deposition onto Si and Au targets.
As initially demonstrated by Silver et al., 18 STML can also be adopted for the traditional electron induced deposition ͑EID͒ process, in which the tunneling current is used to initiate a localized chemical vapor deposition ͑CVD͒ by decomposing dimethil cadmium gases to make Cd structures down to 20 nm in size. The tunneling electrons emitted from the STM tip interact with the precursor molecules, such as organometallic gases, by decomposing the species, which are then deposited near the tip. Since a precursor gas is needed for EID, the STM should be equipped with a gas nozzle in the vacuum chamber, normally under ultrahigh vacuum ͑UHV͒ less than 10 −9 Torr conditions. A typical gas pressure on the order of 10 −6 -10 −5 Torr is used. The voltages applied are on the order of tens of volts, while the typical current value during the process is on the order of tens of pA. Under these conditions, the duration of voltage pulse necessary for the material deposition is on the order of tens of seconds depending on the gas used as the precursor.
Si-and Ge-based nanostructures with lateral sizes of about 10 nm were successfully deposited on Si͑111͒ substrates starting from SiH 4 , SiH 2 Cl 2 , and GeH 4 precursors. 19, 20 As shown in Fig. 5͑a͒ , a dot-shaped structure reported by Rauscher et al. 19 is 1.8 nm tall, 5.6 nm in diameter at the base, and 3.4 nm full-width half-maximum ͑FWHM͒. This Si structure is deposited from dichlorosilane ͑SiH 2 Cl 2 ͒ at a pressure of 5 ϫ 10 −6 mbar on Si ͑111͒ at 300 K with a current of 38 pA at 12 V and a deposition time of 10 s. Magnetic nanostructures with a lateral size of about 10 nm have also been created by Pai et al. 21 using decomposition of ferrocene ͓Fe͑C 5 H 5 ͒ 2 ͔ as the precursor gas, as shown in the plan view ͓Fig. 5͑b͔͒ and profile ͓Fig. 5͑c͔͒. The parallel Fe-based nanowires are deposited on an Ag ͑100͒ substrate at a sample bias of 7 V for the three fine wires and of 10 V for the thicker wire. The upper right half circle is also a fabricated feature. The shape profile across these wires shown in Fig. 5͑c͒ indicates that the fine wires can be as narrow as 5 nm ͑FWHM͒ and less than 2 nm in height, with an interline spacing as small as 15 nm. Other deposition parameters are a 0.2 nA feedback current, 5 mTorr ferrocene gas line pressure, and 300 repetitive passes in 140 s. In an electrochemical variant of STML, Schindler et al. 22 have used an aqueous electrolyte containing CoSO 4 on a gold substrate for the electrodeposition of 15 nm wide Co nanoclusters.
Furthermore, the STM can be used to define an oxide pattern for subsequent CVD. Electrons can be used to remove or depassivate hydrogen atoms from a surface that has been hydrogen terminated ͑H passivated͒. Lyding et al. 23 used H passivation as a resist system for nanolithography, inducing oxidation by exposing the patterned area to oxygen. Employing this depassivating technique for patterning, Mitsui et al. 24 and Adams et al. 25 have, respectively, deposited aluminum and iron nanostructures from highly reactive dimethylaluminum hydride and ferrocene gaseous precursors. Other metals, including Cd, Ni, and Pd, have also been successfully deposited by various STML techniques.
C. Material removal and etching
Nanoscale material removal can be achieved by e-beam induced thermal decomposition. Li et al. 26 have demonstrated that SiO 2 layers can be selectively removed by using a field emitted electron beam extracted from the STM tip to trigger decomposition of SiO 2 at temperatures between 300 and 700°C under UHV conditions. The oxide removal or decomposition is caused by the thermal desorption of SiO 2 onto a Si substrate, which is directly induced by e-beam radiation. Using STM, SiO 2 decomposition onsets around 100 eV, which is close to the value found previously for e-beam induced dissociation by Auger electron spectroscopy and e stimulation. Much higher energies, 30-50 keV, have also been applied to desorb oxides using focused e-beams provided by special non-STM equipment. 27 The schematic of this STML decomposition process is shown in Fig. 6͑a͒ . The process is dependent on the electron dose and can be controlled by adjusting the emission current and exposure time. The opening feature size of 50 nm is typical but a minimum feature size of 10 nm is possible. Various open patterns and feature sizes can be obtained by controlling the tip scanning. As depicted in Fig. 6͑b͒ , a concentric-ring pattern can be obtained by setting the STML parameters of 80 eV in beam energy and 10 nA in emission current and operating at 693°C with less than 2.0ϫ 10 −8 Pa vacuum. 28 The linewidth of the three rings shown in the figure varies from 25 to 56 nm where the applied line dose increases from 1.7 ϫ 10 −3 to 3.3ϫ 10 −3 C / cm. Controllable etching of several semiconductor materials has been electrochemically achieved on a nanometer scale by using STML in the presence of chemical solutions. Nagahara et al. 29 used a Pt 0.8 Ir 0.2 tip for etching nanolines into Si͑100͒ and GaAs͑100͒ surfaces with a STM while tunneling under a ͑0.05%͒ hydrofluoric ͑HF͒ solution. For a tip bias of +1.4 V and a tunneling current of 1 nA, the feature sizes of etched lines are a few tenths of nm wide and a few nm deep. They believed that the etching mechanism is due to the oxide growth induced by the intense electric field in the tip/target gap and is followed by a chemical etching of the oxide. Since the distance between the tip and target is so close, the electric field produced with STM can be as high as 10 7 V / mm. Later, Ye et al. 30 also performed local etching of Si in a HF acid solution with Pt and Pt/ Ir tips. Experiments under both positive and negative potential pulses were performed. By applying a positive potential pulse at −0.6 V for 30 ms, the depth of the etched holes is increased from 3.0 to 6.0 nm with the tunneling current rising from 0.2 to 5.0 nA, while the lateral size ͑or diameter͒ is slightly increased. Ye et al. 30 believed that two different reactions in the HF solution affect the hole etching. By applying negative potential pulses ͑cathodic polarized potential͒, the H-terminated silicon surface is attacked by HF at the defects of the Si surface under the electric field. On the other hand, by applying positive potential pulses ͑anodic polarized potential͒, the nanostructures produced are due to the formation of silicon oxide as indicated by Nagahara et al. 29 By operating the STM in a damp CO 2 atmosphere, Thomson et al. 31 were able to electrochemically etch YBa 2 Cu 3 O 7−␦ . The etched lines in the superconducting thin films were made by scanning 3500 times using a 0.25 nA tunneling current and a 1.0 V bias voltage. The typical etched lines are in a V shape with a depth and mouth width of 10 nm. Kaneshiro and Okumura 32 studied the gas-assisted electrochemical etching of n-GaAs using acidic solutions with a pH level equal to 2-3. The etched volume increases with the magnitude of the applied potential. The realized features on the n-GaAs͑100͒ surface were typically a few nm deep and down to 100 nm 2 in area. Kaneshiro and Okumura 32 believed that the hole injection from the tip is responsible for the local etching of GaAs surfaces in electrolytes rather than the local charges induced by an electric field. Further studies on the mechanism of STM etching under various chemical solutions should be encouraged.
In addition to the direct deposition discussed in the preceding section, the STML is also used to dig holes without the presence of chemical solutions. The mechanisms responsible for nanohole formation are still controversial ranging from local heating 33 to electromigration 34 as well as chemical reactions. 35 Normally, the possibility of hole creation and the location of holes is unpredictable. However, Lebreton and Wang 36 demonstrated that if water vapor is present, the nanoholes can be produced in a reproducible manner. As indicated by Lebreton and Wang, 37 the smallest stable nanohole formed by STML in a gold substrate is 3 nm in diameter and 0.24 nm in depth, which represents the loss of about 100 gold atoms. The chemical composition of the tip-sample interface is important in nano-hole formation. The material removal mechanism seems to be electrochemical originally, where water or more precisely oxygen atoms could have a predominant play. A place-exchange mechanism between substrate gold atoms and oxygen atoms adsorbed on the surface seems to be the crucial point of this reaction. Lebreton and Wang 36 have discovered the existence of a critical humidity for hole formation. Above the critical humidity, the threshold voltage between the tip and target is nearly constant. Also, the relationship between the critical humidity and threshold voltage is basically independent of the tip material. In general, at the present stage, the nanohole formation is still highly uncontrollable. To make this function applicable for industrial usage, efforts in identifying the mechanism of hole formation by STM should be encouraged.
D. Manipulation of single atoms
STMs can also be used to control single atoms for the formation of nanostructures, known as atom manipulation or nanoassembly. Pioneering work demonstrating the ability of positioning single atoms on a metallic surface was conducted in 1990 by Eigler and Schweizer 38 by using a STM to arrange Xe atoms adsorbed on a single Ni͑111͒ surface. Experiments are typically conducted using a low temperature UHV STM. After careful cleaning of the sample surface, the construction of quantum structures can be achieved by an atom-by-atom relocation on the surface. Manipulation is performed by approaching the STM tip toward the atom and moving the probe in constant current mode. Given the close distance, the tip is in almost mechanical contact with the atom, and the chemical nature of the tip-atom interaction is the main driving force. The atom is left at the desired final location by retracting the tip to the original imaging height achieved by exploiting atomic resolution STM images of the surface.
Several different geometrical configurations of atoms have been achieved and the clear interference effect of electron waves has been directly observed. Figure 7 shows the image of a quantum corral nanostructure made of Ag atoms on an Ag ͑111͒ surface during construction and after completion. 39 Because of the thermal activation of surface diffusion, stable structures consisting of adsorbed atoms can only be created at low temperatures. However, it is possible to increase the working temperature, even up to room tem-perature, by using atoms embedded in the surface. Lyo and Avouris 40 have shown that voltage pulses can be used to extract atoms from a Si͑111͒ surface to the tunneling tip and then deposit them elsewhere using an opposite polarity pulse. They noted that the atom motion was in the same direction as the electron motion. The electric field driven extraction mechanism has been used by Salling and Lagally 41 to extract individual atoms from Si͑100͒ surfaces to form nanometer scale rectangular pits. Later, Salling et al. 42 used a similar technique to write nanoscale trenches in Si͑100͒ surfaces with a 2.4 nm resolution from Si films that are only three atomic layers thick. Recently, by studying the dynamics of a single cobalt ͑Co͒ atom, Stroscio and Celotta 43 have concluded that, at low tunneling voltages ͑less than 5 meV͒, the transfer rate between sites is independent of tunneling voltage, current, and temperature. At higher voltages, the transfer rate exhibits a strong dependence on tunneling voltage, indicative of vibrational heating by inelastic electron scattering.
Stroscio and Eigler 44 and Zeppenfeld, Lutz, Eigler 45 have also studied the manipulation of molecules adsorbed on metal surfaces using cryogenic STM. Similar to atoms, molecules can be positioned with atomic precision with the sliding process in which the tip is dragged in close proximity atop the adsorbed molecule. Gimzewski and Joachim 46 have exploited the stronger interaction with the surface shown by macromolecules such as porphyrins, and have demonstrated that the manipulation of single molecules at room temperature is also feasible. Furthermore, on the field of increasing the throughput and patterning speed, it is worth mentioning the "automated atom assembly" approach of Stroscio et al. 47 that is used to perform bottom-up fabrication of nanostructures by providing the STM with computer controlled capabilities of lateral displacements of atoms.
As indicated in this section, STM has achieved manipulation and positioning of single atoms on a surface. This suggests that proximal probes may exceed the limits of EBL and perhaps achieve the ultimate resolution of atom-by-atom control of the surface, i.e., in subnanolevels. Many researchers have attempted to implement this level of control into actual device fabrication. The remaining challenge will be transferring such fine manipulations into a usable semiconductor or metallic structure.
III. ATOMIC FORCE MICROSCOPE LITHOGRAPHY
"AFML… AFM was evolved from STM and it operates by measuring attractive or repulsive forces between the tip and sample, as shown in Fig. 1͑b͒ . The attractive or repulsive forces vary with the spacing between the tip and sample. Since the tip is located at the free end of a cantilever, the attractive or repulsive forces cause the cantilever to deflect. As a raster scan drags the tip over the sample, an image of the surface topography can be generated by measuring the cantilever deflection or by knowing the tip position. In AFM and AFML, both contact ͑repulse͒ and noncontact operations are used depending on the applications. In a contact operation, either the constant height or the constant force mode can be used. In a noncontact operation, the cantilever tip is made to vibrate near the sample surface with spacing on the order of a few nm or intermittently touches the surface at lowest deflection, also known as the tapping mode.
The AFM based techniques are less restrictive than that of STM because AFM can be conducted in a normal room environment and can be used to image any kind of materials. Moreover, AFM can be equipped with conductive tips to provide the typical capabilities of an STM, such as lowenergy exposure of resists, induced oxidation, assisted etching, and induced deposition. The major difference is that STML is normally operated at air or vacuum environment under the constant ͑tunneling͒ current mode, while AFML is more in a constant voltage mode operated at an ambient air environment because the underlying principle and configuration of each technology are different. Generally, STML can make nanostructures with higher resolution, but at a lower speed while AFML can have higher scan speeds but lower resolution. In AFML, the contact mode is usually faster than the tapping mode. 48 Nevertheless, all these AFM-based techniques will be discussed in this section.
A. Resist exposure
Many attempts have been made to use AFM to induce modification in different kinds of materials at the nanometer scale. Majumdar et al. 49 demonstrated that an AFM equipped with a gold-coated tip can be used to provide a localized electron source for exposing ultrathin PMMA resists. A line pattern with a width of 35 nm and periodicity of 68 nm was realized. This resist exposure technique has been successfully employed by Wilder et al., 50 in which they found that the field emission current from the tip is sensitive to the tip/target spacing and the noncontact mode is easily adapted to multiple-tip arrays where each cantilever has an integrated actuator to adjust the probe height in addition to eliminating the problem of tip wear. Davidsson et al. 51 have patterned a 10 nm thick self-assembly resist by electron exposure using AFML. A conducting 50 nm line with a 6 nm thick film can be obtained by a subsequent Al vacuum evaporation using the patterned resist.
Ishibashi et al. 52 used the field emission current as the feedback signal to control the amount of exposure for investigating the line-and-space patterns generated by AFML in a
negative e-beam resist, RD2100N, on a p-type Si͑100͒ substrate. The AFM tip is coated with Ti having a radius of 50 nm. A negative tip-to-substrate bias between 10 and 100 V was used to obtain a constant current between 10 and 100 pA. A range of line doses from 0.3 to 110 nC/ cm with a scanning speed between 10 and 100 m / s was used for resist patterning. The resolution was found to be dependent on the resist thickness and the cross-sectional shape of the developed resist pattern was dictated by the amount of exposure. As shown in the scanning electron microscope ͑SEM͒ image of Fig. 8 , the minimum linewidths in the line-andspace resist pattern are 27, 55, and 110 nm for resist thicknesses of 15, 40, and 100 nm, respectively. The cross section of the pattern is an upside-down trapezoid at a low exposure dose and becomes a right-side up trapezoid one at a high exposure dose.
To increase the writing speed in AFML, Park et al. 53 have used a positive resist, siloxene, commonly known as spin on glass ͑SOG͒, to reduce the resist exposure time. The SOG film is deposited on a silicon sample and exposed with a voltage applied between the AFM tip ͑negative͒ and the silicon substrate ͑positive͒. For a typical voltage of 70 V and current of 1 nA, the writing speed can be faster than 1 mm/ s and linewidths as narrow as 40 nm can be obtained. The corresponding etch selectivity between the exposed and unexposed areas is greater than 20. Moreover, to precisely control the size, positioning, and shape of the exposed nanostructures, Shiokawa et al. 54 developed an in situ technique to quantify the exposed patterns and, thus, precise corrections to the patterns can be made before development, which is often needed in nanofabrication.
B. Thermally induced modification
AFM has better reproducibility when applied for making thermally induced surface modifications. Mamin 55 used 35 mW of input power to heat the AFM tip to temperatures of up to 170°C for 4 ms to produce an array of sub-100 nm pits on polycarbonate substrate, as shown in Fig. 9͑a͒ . IBM has extended this thermally induced modifications concept to data-storage applications. The extended concept, also called Millipede, uses an array of AFM-type probes to write, read, and erase data on very thin polymer films. To demonstrate the potential of Millipede for ultrahigh storage density, Vettiger et al. 56 have successfully fabricated 20 nm sized bit indentations of similar pitch size using a single cantilever/tip in a thin PMMA layer, resulting in a data storage density of 400-500 Gbit/ in. 2 . Figure 9͑b͒ illustrates the Millipede concept, which exploits the parallel operation of very large twodimensional ͑2D͒, e.g., 34ϫ 34, AFM cantilever arrays with an integrated tip for Write/Read/Erase functionality. The latest report on Millipede has indicated that 15 nm bit pitch leading to a storage density of more than 1 Tbit/ in.
2 has been realized.
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C. Electrically induced oxidation
Although both STML and AFML have been used for oxidation, STML is normally operated in air or vacuum environment under the constant ͑tunneling͒ current mode, while AFML is operated more in a constant voltage mode at an ambient environment because the operating principle of each technology is different. Nevertheless, the techniques and their advantages of using AFML for oxidation will be presented in this subsection. Because of its inherently high reliability, AFM induced oxidation has become a major technique for nanofabrication.
AFM tip-induced local oxidation ͑LO͒ is an electrochemical process based on negatively biasing the tip with respect to the substrate under ambient conditions. Since the oxidation process requires an electrical current, both the tip and substrate should be somewhat conductive and commonly used substrates are metals or semiconductors that form stable oxides. By moving the tip in contact mode or noncontact mode close to the substrate surface, the negatively biased tip induces a high electric field which ionizes the water molecules from the ambient humidity between the tip ͑cathode͒ and the substrate ͑anode͒ and the OH − ions produced provide the oxidant for the electrochemical reaction. The electric field further enhances the vertical drift of these ion species away from the tip towards the surface where they react with underlying atoms to form a localized oxide beneath the tip. The field strength decays across the growing oxide film and the oxide growth process self terminates at/below the critical electric field on the order of 10 9 V / m as indicated by Nemutudi et al. 58 Although most oxide patterns are formed at a scanning rate on the order of 1 m / s with an applied voltage of several volts, many operating parameters still have to be appropriately controlled to achieve the optimal oxidation efficiency. For example, in dot formation, the oxide thickness initially increases almost linearly with both the applied voltage and the pulse duration until the diffusion efficiency of additional OH − ions to the freshly formed oxide layer is reduced. In line formation, the scanning rate or tip moving speed also plays a major role in oxide growth. The oxide thickness displays a logarithmic dependence on the speed, while the linewidth and thickness still increase linearly with the applied voltage. The typical effects of the applied voltage on the LO dots and lines patterned on silicon substrate have been obtained by the authors and can be found in Fig. 10 , in which the silicon tip is scanned in contact mode by increasing the voltage magnitude from −3 to − 9 V at a 1 m/s scanning rate with 60% ambient humidity and a 500 ms voltage pulse for dot formation. As indicated by Tseng and Notargiacomo, 59 the oxide thickness and width increase linearly with the magnitude of applied voltages, i.e., the lateral size of the oxide dot or line grows from approximately 10 to 40 nm on a Si substrate as the voltage decreases from −3 to − 9 V.
Humidity moisture plays the role of the electrolyte in the LO anodization process. Avouris et al. 60 used a heavily doped Si tip with −10 V bias to induce LO on an n-type Si substrate in different humidity environments. Figure 11 shows AFM images of two line patterns written at a rate of 300 nm/ s at 61% ambient humidity ͓Fig. 11͑a͔͒ and at 14% humidity ͓Fig. 11͑b͔͒. The lines written at 14% are ϳ23 nm wide, which is about four times narrower than those formed at 61%, and the aspect ratio ͑hight/width͒ of the lines also increases greatly when the relative humidity decreases from 61% to 14%. The cleanliness of the substrate also influences the oxidation process. The typical clean procedure adopted for Si is based on a final dip in a HF diluted solution that ensures a clean Si surface effectively passivated by hydrogen. In addition, the oxidation efficiency in Si has a dependence on doping type and concentration; n + doping produces 
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For metallic substrates, Wang et al. 62 have used a heavily doped Si AFM tip to induce a Cr-oxide pattern with a feature size of 20 nm from a Cr film in a nitrogen ambience at variable humidity. Snow et al. 63 have made atomic point contacts by using anodic oxidation of thin Al films. Quantized decrease in conductance of Al nanowires during final stages of anodization was also observed. Boisen et al. 64 have applied anodic oxidation of Al films to induce Al 2 O 3 patterns as a reactive ion etching ͑RIE͒ mask for fabrication of suspended submicron Si and SiO structures. Huh and Park 65 have studied the influence of relative humidity, tip scanning rate, and pulse duration time on the Ti-oxide patterns induced by an electrically biased AFM tip from a Ti film. Rolandi et al. 66 have oxidized a Mo film by an AFM tip with −10 V bias in a noncontact mode to form a MoO 3 pattern, which is used as a mask for the subsequent wet etching process. A good review of the characterization of LO on silicon and metals can be found in Avouris et al. 67 where the associated kinetics and mechanism have also been discussed.
In regard to device fabrication, the local oxide pattern can act as a robust etch mask and is able to sustain a pattern transfer process by using selective etching. In the case of Si-based fabrication, both dry and wet etching with high selectivity can work with LO-patterned masks for device fabrication. Campbell et al. 68 have fabricated a nanometer-scale side-gated silicon field-effect transistor by local oxidation of a Si ͑001͒ surface and etching in hydrazine as shown in the SEM image of Fig. 12 . The width of the source-drain channel ͑vertical line in the figure͒ of the transistor is ϳ30 nm and the gate approaches from the left. The electrical characteristics have shown an effective control of the conduction as a function of the gate voltage with a behavior similar to a silicon metal-oxide-semiconductor field effect transistor device.
Single electron devices have also been created using LO by inducing tunnel barriers to carrier transport in several kinds of physical systems, without the need for pattern transfer. In particular the LO at the surface of a two-dimensional electron gas heterostructure is effective in changing the band alignment, thus producing control over the conduction. Following this principle, Keyser et al. 69 fabricated a single electron transistor using a GaAs/ AlGaAs heterostructure, as shown in the AFM image of Fig. 13͑a͒ . The starting device is a wire-shaped structure with side gates ͑G͒ defined by using mechanical AFM machining to induce robust insulation. Subsequently, two oxide lines, about 50 nm wide and 2 nm thick, were patterned across the wire to form tunneling barriers that define a conducting Coulomb island. As shown in Fig. 13͑b͒ , the electrical characterization clearly depicts the Coulomb-blockade diamonds as a signature of singleelectron transport. Using a similar approach, Matsumoto et al. 70 have also fabricated a single electron memory working at room temperature, which is based on the formation of tunneling or insulating barriers by oxidizing partially or totally the thickness of a thin metallic layer deposited on an insulating substrate.
Despite the fact that AFML or SPML does not yet provide an acceptable throughput for competitive commercial applications, several approaches for increasing the lithographic efficiency have been pursued by exploring different strategies. They range from the improvement of probe reliability and lifetime as well as the increase of the scanning speed capabilities to the implementation of a large number of parallel probes to increase the patterned area on a single step. In particular the parallel-probes approach demonstrated pattern- ing of a silicon substrate on the centimeter scale by using an array of 50 high-speed probes to perform parallel LO. 71 Nevertheless, strong limitations, including the pattern uniformity and reliability of a large number of probes, represent the main weaknesses for this kind of multiprobe lithography.
D. Material deposition
Similar to STM induced deposition, when a voltage bias between the tip and target is applied, the atoms or nanoparticles can be transferred from the AFM tip to the target surface. As discussed earlier, although Au tips can produce dots or mounds on an Au surface very reliably, other tip materials such as Ni, Pt, or W can also create dots ͑sometime holes͒ on the Au surface, but with less reproducibility. Guo and Thomson 72 claimed that the large electrostatic forces induced between the tip and target are responsible for the formation of holes and mounds on the Au surface. On the other hand, Chang et al. 73 believe that the strong cohesive force between the Au tip and Au surface results in high reproducibility of mounds on Au surfaces. In the cases of Fe and W tips, because of the induced high electric field, oxides can grow on the tip and the adhesion becomes weak; consequently, only holes or cavities can be plunged by the tip. For Pt, PtIr, or Ni, the adhesion is intermediate in which the crater or volcanolike mounds can be created.
Song et al. 74 have created Au nanostructures on graphite substrates through the electric field-induced transfer of Au atoms from an Au-coated tip using an AFM operated in air. The Au mounds can only be created by tip-negative pulses within the pulsed voltage range of ±20 V and 0.2-300 ms. The size of gold mounds and the threshold voltages are highly dependent on the geometry of the Au-coated tip. Melo and Brogueira 75 used a CoCr-coated Si tip in air under the tapping mode to deposit CoCr dots on a crystalline n-doped Si substrate by applying negative voltage pulses of −12 V in the 10-40 Hz range. Applying an isolated electrical pulse results in a pattern with a typical lateral size of about 30 nm and a height of 2 -3 nm. The height was found to increase with the number of repeated scans. The rms roughness of the deposited material is shown to be strongly dependent on the electrical pulse frequency. The smoother pattern surface results from the 40 Hz pulse frequency. No deposition was observed at higher frequencies.
Cu is an important material in integrated circuits ͑IC͒ fabrication. Nanodeposition of Cu becomes essential for not only IC making but also IC repairing. Koinuma and Uosaki 76 have used a Si 3 N 4 AFM tip to induce electrochemical deposition of Cu on a p-GaAs͑100͒ surface using a precursor solution of 1 mM CuSO 4 +10 mM H 2 SO 4 . The Cu is dissolved from the precursor solution through a local anodic reaction induced by a tip/target bias of −0.4 V for 40 s. However, the Cu deposition occurred selectively on the scanned area regardless of the applied cathodic potential. The mechanism for the selective Cu deposition is still not clear at present, although it is understood that the electrodeposition of Cu is strongly dependent on the structure of the substrate, applied potential, and concentration of Cu 2+ ions in the precursor solution. 77 LaGraff and Gewirth 78 used a different approach to electrochemically deposit Cu on a Cu substrate by using a Si 3 N 4 tip to create surface defect sites in a passivated surface, which are active towards the electrochemical adsorption of Cu species. By applying a potential of −70 mV and an increased tip force of ϳ25 nN, epitaxial Cu can be dissolved from a 10 −4 M Cu͑ClO 4 ͒ 2 precursor solution and deposited on the defect ͑or depassivated͒ sites of the Cu͑110͒ substrate, which acts as an electrode. The Cu substrate can be passivated by oxide films or self-assembled monolayers. Figure  14 shows AFM images of the electrochemical deposition of epitaxial Cu on a Cu͑110͒ substrate, where panel ͑a͒ is the Cu͑110͒ surface prior to deposition imaged with a tip/target force of 5 ± 2 nN and no applied potential exhibiting that the surface is smooth with features no more than 5 nm in height. During deposition, the tip force of 25± 10 nN is first applied to scan the desired area or surface defect sites ͓the square area shown in panel ͑b͔͒. A potential of −70 mV is then loaded midway and the nucleation is induced on the scanned area. With additional scanning time ͑ϳ150 s͒, a single feature is developed to a lateral size of ϳ35 nm and a height of ϳ15 nm as shown in Fig. 14͑b͒ . Continued AFM scanning leads to additional growth. As shown Fig. 14͑c͒ , with another additional 200 s, the deposition is developed to a "truncatedcone" morphology with a height of 60 nm. Further scanning the whole area about 100 s creates additional nucleation and growth as shown in Fig. 14͑d͒ . The AFM tip force has also been used to enhance the growth rate. After careful examination of the images obtained from the top of the central feature in panel ͑d͒, a rectangular structure has been revealed to have periodicities of 0.24± 0.02 nm by 0.35± 0.03 nm, which is consistent with the Cu͑110͒ lattice. In addition, the lattice on top of the deposition is oriented to within 10°of the underlying Cu͑110͒ lattice vector. Further study also in-FIG. 14. AFM images of the electrochemical deposition of epitaxial Cu on a Cu͑110͒ substrate: ͑a͒ Cu͑110͒ surface prior to deposition; ͑b͒ mesa is developed with a height of 15 nm after a potential of −70 mV is applied for 150 s; ͑c͒ "truncated cone" with a height of 60 nm is developed for additional 200 s; and ͑d͒ additional nucleation and growth for further scanning the whole area about 100 s ͑after Ref. 78͒. dicates that the enhanced deposition is governed primarily by tip-sample force, crystallographic orientation, and pH solution. 78 In fact, enhanced Cu deposition is stronger on the ͑110͒ face of Cu than the ͑111͒ face. For a specific orientation, enhanced Cu deposition becomes less pronounced with decreasing pH solution. Nevertheless, it has been shown that, by using this depassivative technique, the electrodeposition can be precisely controlled in both the location and shape.
Without tip-to-target direct material transfer and precursor solution, an AFM-based deposition technique has been developed. Lee et al. 79 used an Ag-coated probe under ambient conditions to generate an electrochemical deposition of Ag clusters on a solid ionic conductor film of RbAg 4 I 5 . An Ag layer is deposited on the back side of the RbAg 4 I 5 film to form a system of Ag-coated tip/ RbAg 4 I 5 film/Ag layer. Both the Ag-coated tip and Ag layer act as an electrode and a negative bias pulse from 50 mV to 2 V lasting from 0.5 to 5 ms is applied to draw the Ag atoms from the Ag layer ͑near the interface between the Ag layer and RbAg 4 I 5 film͒ to the Ag-coated tip. Eventually, the Ag atoms migrate through and deposit on the ion conductor RbAg 4 I 5 film in the vicinity of the tip. The patterned Ag particles are 0.5-70 nm high and 20-700 nm in diameter. Figure 15 shows the AFM images of Ag dot patterns electrochemically induced on RbAg 4 I 5 . As shown in the AFM images, each dot in the C pattern generated by pulses of 200 mV and 5 ms is ϳ50 nm in height and 250 nm in diameter, while each dot in the R pattern is created by pulses of 400 mV and 1 ms having ϳ2 nm in height and 70 nm in diameter. It is believed that the deposition rate in the ±50 mV range is limited by electrochemical reaction kinetics rather than by the diffusion process inside the ion conductor. The thickness of RbAg 4 I 5 was 0.5 mm with a counterelectrode area of 0.1 cm 2 in the Ag film. Negative features can also be generated by a mechanical knockoff of previously deposited Ag nanoclusters by the AFM probe during the subsequent topology scan. As indicated by the investigators, materials that can be patterned through the present technique are not restricted to Ag. A variety of other solid-state ion conductors like Li + , Na + , K + , Cu + , Pb 2+ , and Ca 2+ can be adopted for patterning metal structures.
Kim et al. 80 have developed a technique to deposit carbonaceous mounds and lines on Au surfaces using a Ticoated Si tip with a bias from −4 to − 12 V to initiate an electrochemical process to polymerize ambient gas species ͑under an ambient condition with a relative humidity of ϳ45% at 25°C͒. The sources of these carbon molecules may include residual gas molecules such as hydrocarbon and carbon dioxide in ambient environment and layers adsorbed onto the surface during sample preparation. Using multiple passes of a negatively biased tip, a set of carbonaceous lines with widths of 80, 180, and 300 nm and heights of 3, 8, and 15 nm can be, respectively, produced by constant voltages of −4, −6, and −8 V as shown in Fig. 16 . In contrast to the data reported by Mamin et al. 14 where a threshold of ϳ3.5 V was observed for the mound formation under the field of a STM tip, Kim et al. 80 did not find a sharp threshold and the threshold amplitude at which a given tip begins to produce mounds varied from under −3 to − 9 V. They also found that the probability of mound or line formation increases with increasing negative voltage. This process can be reversed with increased biases but the process of erasing and rewriting of the carbon-rich deposits has much lower reliability or reproducibility.
In general, similar to STM induced deposition, the AFMbased deposition is less reliable than the techniques for material removal or modification and the nanostructures created by AFM induced deposition are less stable. Further research in SPM-based deposition should be encouraged.
E. Material removal by scratching and etching
AFM has been used for nanoscale material removing through both mechanical and chemical means. In the former, the materials are machined by direct tip scratching or plowing, while, in the latter, the materials are removed by the tip-induced electrochemical etching. Techniques using both approaches and others will be discussed in this subsection.
By applying a certain amount of force on the tip or by controlling the cantilever deflection during scanning, the AFM tip has been successfully employed to "scratch" several hard surfaces of metals, oxides, and semiconductors, producing furrows with widths of tens of nm and depths of a few nm. Magno and Bennett 81 have used a Si 3 N 4 cantilever tip in a contact mode to dig three 500 nm long grooves on a twolayer GaSb/ InAs film, as shown in Fig. 17 . The stiffness of the cantilever is 0.37 N / m and the applied forces vary from 100 to 150 nN with a scanning rate of 0.02 m/s. The grooves produced on the 5 nm GaSb/ 20 nm InAs substrate are down to 65 nm in width and several nm in depth. Since the GaSb layer is 5 nm thick, the deepest groove just penetrates through the GaSb layer into the InAs layer. The resulting grooves of 50-100 nm width can form an arrangement of barriers in the electron layer of a conventional double-layer structure. A type of heterostructure with a compensating p-type doped cap layer shows an electron enhancement if the cap layer is selectively removed. Etching a groove in these structures enables one to induce a onedimensional electron system. Both types of structures are used to fabricate various ballistic quantum devices and Coulomb-blockade structures as indicated by Kunze. 82 An increased probe lifetime can be achieved by using tips coated by or made of hard materials ͑e.g., diamond or carbon͒. Rank et al. 83 used a carbon-coated Si 3 N 4 tip to plow lines with widths less than 80 nm in Al and AuPd substrates by using both contact ͑17-51 nN tip force͒ and noncontact ͑10-100 N tip force͒ probes. Santinacci et al. 84 applied an AFM equipped with a single-crystalline diamond tip to scratch in the 100 nm range through a 10 nm thick oxide layer covering p-Si ͑100͒ surfaces. Filho et al. 85 have equipped an AFM with a diamond tip operated in air under a contact mode to scratch an Al layer for patterning a Si-based mask. The diamond tip used has an apex radius of 25 nm and the scratch depth grows from 20 to 80 nm, as the applied tip force increases from 15 to 30 N.
One of the major limitations in direct mechanical modification can be its shallow scratch depth because the applied tip forces cannot be too large either to damage the tip or to reduce tip lifetime dramatically. Hu et al. 86 developed a bilayer resist system consisting of a 3 nm thick Ti film on top of a 65 nm thick PMMA layer. For patterning, the Si tip only needs to scratch the 3 nm Ti film with a tip force of a few N and the scratched pattern is then transferred to the underneath PMMA layer by an isotropic O 2 RIE. A liftoff procedure is applied to use the transferred PMMA pattern to make Si nanowires of 30 nm in width and 20 nm in thickness and Cr nanodots of 20-40 nm in diatmeter and 20 nm in thickness. 86 It should be noted that directly scratching the PMMA may damage the substrate underneath, if the applied scratch force is too large. Using the same technique, Notargiacomo et al. 87 ploughed 40 nm gaps in Ti stripes and fabricated nanogap electrodes to be used for molecular devices and single-electron transistors.
In addition to scratching the metals discussed earlier, the mechanical patterning of soft materials, including resists, mica, and others, by AFM tips has been more popular since it requires a lower tip force resulting in a longer tip life. Trenches and pits with lateral sizes down to a few tens of nanometers can be obtained in both thin resist layers and SAMs. Sugihara et al. 88 have applied the cantilever tip of an AFM to dig pits with a minimum diameter of ϳ20 nm in a lignoceric acid SAM in ambient environment. The pits were made by a tip with a radius of 10 nm and scanning rate of 2 Hz at 0.3 nN tip force. In fact, the pits could be artificially distributed with different size and surface area density in the organic monolayer. Nanolines or nanogrooves with mouth widths down to 3 nm in a cleaved mica layer have been generated by repeated mechanical scratching using an AFM tip in a contact mode under ambient conditions. Figure 18 shows the 3 nm wide groove having a depth of ϳ1 nm in a square pattern. As reported by Muller et al., 89 the groove is scratched by a V-shaped Si 3 N 4 tip with a radius of 30 nm and a normal force of several 100 nN. No debris was found outside the groove, indicating that the material removing mechanism is dominated by atomic-scale abrasive wear due to sliding friction. Gnecco et al. 90 studied the AFM induced abrasive wear on a soft optical substrate, KBr͑001͒, and explained AFM scratching as the result of the removal and rearrangement of single ion pairs. The debris is reorganized in regular terraces with the same periodicity and orientation as the unscratched surface, as in local epitaxial growth. The applied load has a strong influence on the abrasive process, whereas the scan velocity is less dominant. Mica and KBr are soft materials, just as soft as a fingernail and much softer than a bronze coin.
To prevent substrate damage, an etching-aided scratching technique has been developed. Michler et al. 91 have used an AFM equipped with a diamond tip to scratch a 5 -7 nm deep nanopattern in a 10 nm thick SiO 2 film to reduce the possibility of damage beneath the Si substrate. Then, etching in HF was used to remove 4 -5 nm SiO 2 uniformly in both the scratched and nonscratched areas, thus exposing the scratched pattern on the Si substrate, while the nonscratched area was still covered with an oxide layer of 5 -6 nm in thickness. Pd was selectively electrodeposited into the scratched pattern.
Normally the chemical etching process uses the nanopatterns made by mechanical scratching as a mask for the final structure. It is a two-step process: mask patterning and subsequent etching. Koinuma and Uosaki 76 combined these two steps and developed an AFM tip induced electrochemical etching for material removing at an ambient temperature. Using an etchant of 10 mM H 2 SO 4 solution, electrochemical dissolution of a single-crystalline Zn-doped p-GaAs͑100͒ surface ͑act as an electrode͒ was accelerated by the scanning of a Si 3 N 4 tip with a radius of 40 nm. At a potential of −0.05 V for 30 min and a tip force of 10 nN with a scan rate of 25 scan/ s, a wedge groove 80 nm width in the mouth and 8 nm in depth can be obtained. If the potential is increased to +0.05 V ͑0.1 V more positive potential͒, the groove depth is enhanced to ϳ18 nm. It has also been found that the depths of the modified or etched structures were dependent not on the scan rate but on the number of scans as well as on the electrode potential.
Recently other energies, including the field-emission current originated from AFM tips, have been aided for material removal or cutting. Kim et al. 92 found that multiwalled carbon nanotubes of 30 nm in diameter on a Si substrate can be cut or broken by a conducting AFM tip with a negative bias. By scanning the AFM tip across the carbon tubes in a contact mode in air with 40%-70% humidity, the tube can be cut, if the magnitude of the negatively bias is higher than a threshold value. The threshold magnitude increases from −6 to − 8 V as the tip scanning speed increases from 0.1 to 1.0 m / s. After cutting, it has been found that the inside of the cutting groove has been anodized by the negatively biased voltage. In fact, an AFM tip with a negative bias higher than threshold can also cut or etch a graphite surface, which has a similar composition of carbon nanotubes. As the magnitude of the bias voltage increased, the depth of the etched graphite increased exponentially to reach 7.9 nm at a bias voltage of −10 V. Kim et al. 92 believed that the activation energy to break or to cut the atomic bonds in nanotubes ͑or graphite͒ is provided by the field-emission current from the negatively biased AFM tip.
Because of formation of debris, reduced tip lifetime, and the consequent loss of resolution for repeating the scratch steps, the technique for direct scratching of hard materials using AFM is still not as popular as the other AFM techniques discussed in this article. For those hard materials, including metals and ceramics, the mechanical scratching aided by electrochemical or field-emission current energy could be a better option, since it provides a more effective and better controllable mechanism for material removing at nanoscales.
F. Dip-pen nanolithography "DPN…
A technique, called DPN, has recently been developed by Mirkin's group as reported by Piner et al. 93 It uses an AFM tip coated with a thin film of ink molecules ͑such as alkanethiols͒ that react with the substrate surface ͑such as gold͒ to write nanoscale patterns for lithography applications. As shown in Fig. 19͑a͒ , when the tip is placed in a high-humidity atmosphere and is close to the Au substrate, a minute drop of water is naturally condensed between the AFM probe and the substrate. The drop of water acts as a bridge over which the ink molecules migrate from the tip to the gold surface where they are self assembled or anchored. The capillary transport from the probe towards the tip apex provides a resupply of new molecules for a continuous writing. The molecules and substrates are chosen in order to have chemical affinity and favor adhesion of the deposited film. A number of different ink materials have been successfully developed for DPN. These include inorganics, organics, biomolecules, and conducting polymers, which are also compatible with a variety of substrates such as metals, semiconductors, and functionalized surfaces.
Molecular transport in DPN experiments depends on several variables, including temperature, humidity, tip substrate contact force, writing speed, and the physicochemical properties of both the ink and the substrate. An accurate control of these parameters allows one to obtain dots and lines with a lateral size as small as 10-15 nm. Figure 19͑b͒ shows an example of a molecular grid pattern of 1-octadecanethiol deposited on a gold substrate by DPN and each line requires 90 s to be written. As shown, each line is 2 m long, and less than 100 nm wide. Unlike other AFM-or STM-based fabrication techniques, DPN is particularly suitable for operating in parallel because the deposition is independent of the applied force. Parallel DPN has been demonstrated recently by Bullen et al., 94 by using arrays of individually addressable cantilevers to simultaneously write ten different octadecanethiol patterns on a gold surface. Currently, researchers have used DPN to write lines a few nanometers across, which should be a potentially useful tool for creating nanoscale devices. Moreover the interest in this kind of technique recently leads to the commercialization of DPN systems and a process for bottom-up nanofabrication as indicated in the review articles by Ginger et al. 95 in the subject of DPN and Tseng and Notargiacomo 59 in self assembly, a major bottom-up approach.
IV. CONCLUDING REMARKS
Nanofabrication is an essential tool for the sustained evolution of electronic, photonic, biomedical, and nanosystem technologies. This article has selected and reviewed two major technologies within the family of SPM lithography, STM, and AFM. The principles, procedures, achievements, and potential for each technique have been presented. In particular, a wide variety of nanostructures made by these techniques has been presented to specifically illustrate their respective feasibilities and limitations.
In general, the SPM-based techniques have been used for direct writing of nanostructures through material modification, deposition, and removal, as well as for normal resist exposures as masks for other lithographic processes. The scanning tips can act as mechanical, thermal, and/or electric sources to initiate and perform various physical and chemical processes. They are inherently simple, reliable, and flexible to create patterns with nanoscale spatial resolutions. In fact, most of the techniques reviewed can achieve a spatial resolution on the order of 10 nm, which is much better than most common lithographic processes, including current photolithography and next generation lithography. This high resolution capability combined with the abilities for on-line ͑real time͒ imaging and for operation at ambient environment should also ensure alignment accuracy at the nm level for overlayers.
One of the common challenges pertaining to all SPML techniques is to downscale feature size while maintaining a high throughput. To increase the throughput to be used for commercial production, the existing systems or techniques must improve their patterning speeds. Roughly speaking, two ways can be used to improve throughput, to operate multiple tip in parallel and to increase the tip writing speed ͑rate͒. The former refers to many multiple-tip systems, such as IBM Millipede and DPN systems reviewed in this article. However, to operate multiple tips in parallel, the ability to control each tip independently still limits the number of tips in a system. A more versatile control strategy to handle a great many tips should be developed.
Many efforts have also been dedicated to increase the writing speed or rate. Several studies have reported that fast SPMs have been developed to scan at video rates to make the SPM comparable to the regular EBL systems. Also, nanotube probes have been developed to possess extraordinary mechanical and electric characteristics at reasonable scanning speeds. Extremely thin patterns of several nm wide can be written by such probes without noticeable wearing. However, the improvement by increasing the speed and tip hardness ͑or life͒ is certainly helpful but a different new approach should be developed. To have major improvement, it is believed that a multiresolution system should be developed to provide different accuracy or tolerance requirements in patterning different nanostructures. For example, the tip diameter should be continuously changed in situ. This type of system has been available for many macroscale fabrication processes. 96 With such a system, a larger tip can be used for rough writing to increase the writing rate in regions where a lower resolution is necessary. Also different systems to deal with different resolution ranges should be developed. Once the multitip system with improved automation is realized, it should become a leading candidate for the mainstream tool in the future nanofabrication industry. It should be noted that to develop a multiscale fabrication system, it will require a high degree of process control in sensing and actuation of matter at the nano-and subnanolevels, as well as capabilities for scaling up.
Process reliability or providing consistent results is also important. To achieve consistent results or accuracy, it is inevitable to have fully automated SPM equipment with a robust feedback control system, which should be able to detect or monitor the fabricated dimensions with subnanoscale accuracy. The automation strategy should include the original probing capabilities of SPM to provide the feedback signals that have atomic scale resolution. It has been found that the feedback system in the current commercially available SPM system is still in its infancy. Other quality parameters, such as flatness, texture, and surface finish, can be important in many applications. Thus, the in situ imaging ability should be incorporated into the system for on-line control of these parameters.
Normally, four major criteria: resolution, alignment, reliability, and throughput, are used to assess the suitability of the technology for commercialization. These four criteria are also used to evaluate the maturity of the technology for a specific application as well as to prioritize the specific research needed for an application. As discussed earlier, as compared to other fabrication technologies, the resolution and alignment abilities of SPM-based techniques are their strengths and the superiority of resolution and alignment is often used to leverage its weakness. Although the reliability has not been rigorously assessed in this article, it is believed that the reliability for different SPM techniques is different. Several techniques reviewed, such as local oxidation, resist exposure, thermal induced modification ͑IBM Millipede͒, and DPN, are quite reliable. For the major weakness, throughput, it is expected that the patterning speed can be greatly improved by combining the approaches of parallel operation of multiple-tip and multiresolution systems. As a result, SPM-based techniques should become central in the future of the nanofabrication industry, because of their cost advantage and capability to achieve a geometric resolution and alignment accuracy exceeding most of the existing technologies as well as their good reliability and less desirable throughput. To be more specific, the strength and weakness for each techniques examined in this article are summarized in Table I , which provides more details of our assessment. It is understood that the strength and weakness are not fully independent to each technique and often they are relative to each other or interrelated among the techniques examined.
Finally, the SPM techniques have developed many applications in their own right and many capabilities have been evolved to complement the existing semiconductor processes. These capabilities are rapidly becoming important in many areas of science and technology and will have a revolutionary impact on every aspect of the manufacturing industry. Also, it is worth pointing out that the motivation of this article was not to present an exhaustive review of all significant work in this broad field. A selection of topics and articles to be cited was necessary and was made without the intention of excluding valuable ones who gave an important contribution to the development of SPML.
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